Background--Early life risk factors are associated with cardiometabolic disease, but have not been fully studied in atrial fibrillation (AF). There are discordant results from existing studies of birth weight and AF, and the impact of maternal body size, gestational age, placental size, and birth length is unknown.
L
ow birth weight is a well-established risk factor for cardiovascular disease, 1 type 2 diabetes mellitus, 2 and hypertension, 3 as well as several other known atrial fibrillation (AF) risk factors, such as pulmonary function. 4, 5 There are 3 previous studies that report on associations between selfreported birth weight and incident AF, with divergent results.
Conen et al report a positive association between selfreported birth weight and incident AF among participants in the Women's Health Study, with the risk increase attributable to high birth weight mediated by adult height. 6 The Atherosclerosis in Communities study, however, reports an inverse association, 7 and finally data from a Swedish cohort showed both high and low birth weight to be associated with increased risk. 8 The reported discrepancy in the findings between birth weight and AF suggests that there may be other factors that influence the association between birth weight and AF that have not been accounted for. Possible confounders include maternal body size, which is known to have consequences for offspring health, placental weight, and socioeconomic status at birth. Furthermore, birth weight shows a strong correlation with gestational age, which has not been adjusted for in previous publications. Another possible confounder is birth length, which has been shown to be a better predictor of adult height and weight than birth weight. 9 Questions have also been raised concerning possible intermediate causes and diseases that may link birth weight and AF. Therefore, the aim of the present article was to determine which early life factors, such as body size at birth, placental size, and socioeconomic status at birth, were related to incident AF in the Helsinki Birth Cohort Study. We further aimed to determine whether maternal height and body mass index (BMI) were associated with incident AF, and how maternal factors affect the association between body size at birth and AF. We also sought to describe the influence of intermediate incident coronary heart disease (CAD), diabetes mellitus, and hypertension during follow-up on the association between perinatal factors and AF.
Methods Data Collection and End Point Retrieval
In the Helsinki Birth Cohort Study, perinatal data were recorded in 13 345 singletons (6975 men and 6370 women) born in Helsinki between 1934 and 1944, who had visited child welfare clinics and were still alive and residing in Finland in 1971, at which time all Finnish citizens were given a unique personal identification number. Besides newborn weight and length, the cohort contains information on placental weight and diameters, marital status, parity, time of last menstrual period, maternal age, height and weight (at the end of gestation), as well as father's occupation, as a proxy for socioeconomic status. Details of the birth records have been described previously. 10 Maternal BMI was calculated as kg/ m 2 . Offspring ponderal index was calculated as kg/m 3 .
Socioeconomic status at birth was defined by the father's occupation, which was recorded on the birth records. Classification of the father's occupational status was retrieved from the 1980 Classification of Occupation compiled by Statistics Finland, and has been described elsewhere.
11
Missing data for father's occupation were assumed to be because of unmarried social status, and therefore these data were not excluded from analyses. Using the unique personal identification number, the cohort was linked to the Finnish National Care Register for Health Care (formerly the FNHDR), which has been maintained from 1969, and the Finnish National Mortality Register, which include all hospitalizations and deaths in Finland. Subjects were followed until the end point of hospitalization for incident AF (International Classification of Disease [ICD] codes 427.92 in the eighth revision, 427D in the ninth revision, and I48 in the tenth revision) or censoring because of death, migration from Finland, or end of follow-up at December 31, 2013. The Finnish National Care Register for Health Care is very similar to the Swedish National Hospital Discharge Register, in which the AF diagnosis has been validated recently and found to be of good quality. 12 We have not differentiated between paroxysmal and permanent AF, nor have we differentiated between AF and atrial flutter, because of the progressive nature of AF and the similarities between these diagnoses. 13 
Statistical Methods
All data were analyzed using Stata for Macintosh version 12.1 (Stata Corporation, College Station, TX). Perinatal factors were analyzed in relation to incident AF using multivariable adjusted Cox regression stratified on year of birth and using the Breslow method for ties. The proportional hazards assumption was assessed using Àlog-log plots and using Schoenfeld residuals. There was evidence of nonproportionality for maternal height (P for test of nonzero slope 0.008) and these results are reported separately for the group above and below median occurrence of AF in the study population. Co-linearity was assessed using the variance inflation factor. Birth weight was analyzed as a continuous variable, with and without a quadratic term, and is also presented by strata (<2500, 2500-2999, 3000-3999, and >4000 g), with the 3000 to 3999 strata as reference category. Socioeconomic status was analyzed as a categorical variable with manual work as baseline. Two models were used; Model 1 adjusted for offspring sex, socioeconomic status at birth, and gestational age, and Model 2 adjusted for Model 1 covariates+ma-ternal BMI. The association between maternal BMI and AF was also analyzed with birth weight added to Model 1. The limit for statistical significance was set at P<0.05. There was no evidence of colinearity (1/variance inflation factor >0.80). Models with interaction parameters between birth weight (as a linear or quadratic variable) and offspring sex, gestational age, maternal BMI, maternal height, and socioeconomic
Clinical Perspective
What Is New?
• End gestational maternal body mass index predicts atrial fibrillation in offspring, independently of birth weight.
• The association between birth weight and atrial fibrillation is U-shaped.
What Are the Clinical Implications?
• Efforts to prevent maternal obesity may prevent offspring atrial fibrillation.
status were compared with models without interaction parameters using the likelihood ratio test. The same procedure was applied to offspring sex and maternal BMI, maternal height, and placental weight. In order to assess whether any associations between perinatal factors and incident AF were mediated by incident diabetes mellitus, CAD, and hypertension, we also performed subanalyses with censoring at the time of any such incident diagnosis preceding a diagnosis of AF. Competing risks regression analyses, as described by Fine and Gray, 15 were performed to account for the competing risk of mortality on results.
Results
Median follow-up time (interquartile range) was 70.5 (9.4) years, during which time there were 907 cases of AF (cumulative incidence 9.1% among men and 4.3% among women). Over the entire duration of follow-up, the incidence of AF was 1.04 cases per 1000 person-years (95% CI 0.97-1.11). Median age (interquartile range) was 65.3 (10.6) years at AF diagnosis and 70.7 (8.1) years for censoring because of end of follow-up or death. The mean birth weight (SD) was 3406 (479) g. Selected baseline characteristics are reported in Table 1 .
Results from analyses of body size at birth and incident AF are given in Table 2 . There was no evidence of interaction between offspring sex and birth weight (as a linear or quadratic term P for interaction >0.30). Hazard ratios (HRs) were consistently positive above and below the reference group with birth weights 3000 to 3999 g in the full population as well as in both sexes. In the full population, there was a significant association between high birth weight (≥4000 g) and AF in Model 1 but not after adjustment for maternal BMI in Model 2. In sex-stratified analyses, the only birth weight group that was significantly associated with increased risk of AF was medium-low birth weight (2500-2999 g) in women. The P value for quadratic trend was 0.01 in the full population, and the likelihood ratio test testing analyses of birth weight as a continuous variable with and without quadratic term was 0.01. Figure depicts the modeled relationship between birth weight and AF after Model 2 adjustment. The lowest risk of AF was found in those born with a birth weight of 3.35 kg (3.80 kg among women and 3.03 kg among men). The separate estimates for men and women both fall within a low-risk section of the curve. The addition of maternal BMI did not alter results substantially, nor did inclusion of maternal height, placental weight, or newborn length.
Results from analyses of maternal BMI and placental weight and incident AF are given in Table 3 . There were Gestational age, days 280 (13) 260 (21) 274 (14) 280 (12) 285 (11) Father's occupation at birth positive associations between maternal BMI and incident AF in both sexes. The HR for incident AF associated with being born to a mother with a BMI ≥30 kg/m 2 compared with a BMI <25 kg/m 2 was 1.36 (95% CI 1.07-1.74, P=0.01), after Model 1 adjustment. There was no evidence of interaction between BMI and offspring sex (P for interaction >0.40). The association between maternal BMI and AF was not dependent on offspring birth weight; inclusion of birth weight (in categories or per kg with quadratic term) did not alter results substantially. The proportional hazards assumption was violated for the association between maternal height and incident AF in offspring. There was no evidence of interaction by offspring sex (P for interaction >0.60). There was a significant association between maternal height and AF in a subgroup with an AF diagnosis before the median age of onset (65.3 years), HR 1.47 (95% CI 1.24-1.76, P<0.0001) adjusted for Model 1, but not in a subgroup with later onset AF; HR 1.04 (95% CI 0.87-1.63, P=0.69).
In univariate analyses, as well as adjusted for birth weight, there was a significant interaction between gestational age and offspring sex (P for interaction 0.03). Among female offspring there was a positive association between gestational age and AF incidence, after adjustment for birth weight, HR 1.08 (95% CI 1.01-1.16, P=0.03, per 1-week increase). Among male offspring there was a nonsignificant negative association, HR 0.96 (95% CI 0.92-1.00, P=0.07, per 1 week increase). There was no association between preterm birth (<260 days gestation) and incident AF in either sex.
Upper-middle-class social status at birth was associated with reduced incidence of AF, HR 0.77 (95% CI 0.61-0.98, P=0.03), compared with manual-worker status, after Model 1 adjustment. No other socioeconomic status categories were significantly associated with incident AF (HR 1.05, 95% CI There was no evidence of interaction between social status and offspring sex (P for interaction >0.30).
Among individuals who went on to develop AF, this diagnosis of AF was preceded by a hospital diagnosis of diabetes mellitus in 81 cases (13.4%), by a diagnosis of hypertension in 200 cases (22.1%), and by a diagnosis of CAD in 110 cases (12.1%). There were 604 cases of AF that were not preceded by either of these diagnoses (66.6%). Subanalyses with censoring at the time of incident CAD, hypertension, or diabetes mellitus, if these preceded a diagnosis of AF, were not substantially altered.
We also tested whether results were independent of the competing risk of death, using competing-risks regression. There was no effect on the association between maternal BMI and AF; subhazard ratio 1.05 (95% CI 1.02-1.07, P<0.0001) per kg/m 2 , in Model 2. The association between birth weight and AF was likewise mostly unchanged in the competing-risks model.
Discussion Maternal Factors and AF
The main finding of this study was previously unknown associations between maternal BMI and maternal height and incident AF in offspring.
No previous studies have reported on birth weight in the context of maternal body size and AF. Maternal height and maternal BMI can be assumed to reflect maternal lifetime nutrition as well as genetic factors. Offspring to obese mothers (BMI ≥30 kg/m 2 ) were subject to a roughly 35%
increased risk compared with offspring to mothers in the normal BMI category (BMI <25 kg/m 2 ), after multivariable adjustment. To our best knowledge, this is the first study to have reported on maternal factors and incident AF in the offspring.
Maternal height was associated with incident AF among individuals with AF diagnosed before the median age of onset (65.3 years). The association could perhaps be explained by genetic factors associated with adult height in the offspring, a known AF risk factor, 16, 17 but also reflects maternal lifelong nutrition. Genetic factors associated with height, as well as measured adult height, are both associated with ECG changes in young adults, 18 and possibly this reflects a causal pathway linking maternal height to offspring AF. Genetic factors seem less likely to explain the full effect of maternal BMI on offspring AF. Maternal BMI has been associated with less favorable body compositions in later adulthood among the offspring, as well as with CAD, type 2 diabetes mellitus, stroke, and cancer. 19, 20 We did not find the association to be influenced by intermediate hypertension, CAD, or type 2 diabetes mellitus, but we have not been able to adjust for adult body composition. Besides genetic and epigenetic factors, BMI could also be inherited in families through cultural factors resulting in women with high BMI transmitting habits to their offspring that result in high adult BMI. This theory is in agreement with the high importance of adult BMI as an AF risk factor. 21 The association between adult obesity and AF appears to be mediated through left atrial enlargement, 22 and it is possible that left atrial enlargement is a pathway between maternal BMI to offspring AF. However, since adult obesity is highly associated with CAD, type 2 diabetes mellitus, and hypertension, one would have expected the association between maternal BMI and AF to be attenuated somewhat by censoring of cases of AF at the time of these events. Therefore, there may be some effect of maternal BMI on the risk of offspring AF, which is not mediated by either adult body composition or increased incidence of the abovementioned diseases. The mechanisms by which maternal adiposity causes disease in the offspring are not known, but could perhaps include epigenetic changes. One hypothesis suggests that maternal and fetal overnutrition leads to permanent changes that induce vulnerability to obesity-related health outcomes in the offspring, mediated by maternal hyperglycemia, hyperinsulinemia, and high levels of free fatty acids. 20, 23 Maternal obesity has also been linked to inflammation. 23 Since inflammation is a well-known AF risk factor, one can speculate that some of the risk of AF associated with high maternal BMI could perhaps be mediated through upregulation of inflammatory pathways in the offspring. 24 Prevalence of obesity among fertile women is rising, with implications for the health of future generations. 25 Findings in the present study thus imply that incidence of AF may increase in conjunction with this trend. Another implication is that interventions to reduce maternal overweight, or indeed overweight among women of fertile age, may reduce the incidence of AF in future generations. Prepregnancy lifestyle interventions in obese women may have a positive effect on AF risk in offspring.
Body Size at Birth and AF
To our best knowledge, this is the first study of body size at birth and AF to include adjustment for gestational age, birth length, and maternal BMI. There was some evidence of a U-shaped relationship between birth weight and AF, but the association between birth weight and AF was not particularly strong. The present study uses recorded birth weights, which is an advantage compared with previous publications not only in that it is more precise, but also because it has allowed for the use of birth weight as a continuous variable, and the relationship between birth weight and AF to be modeled more precisely. [6] [7] [8] It is biologically more plausible that both low and high birth weight should be associated with AF than that the association should be unidirectional, given that low birth weight is a known predictor of many adverse health outcomes and that tall stature is a known AF risk factor. The lowest risk of AF was found at a higher birth weight among women than men, and medium-low birth weight was associated with increased incidence of AF among women. This could perhaps reflect that being generally taller, men are more exposed to the risk of AF, which is conferred by tall stature, and that higher birth weights among men are associated with adult height.
Strengths and Limitations
A major strength of the Helsinki Birth Cohort Study is that the birth data were recorded at the time of birth and are therefore precise and not subject to recall bias. Compared with previous studies of birth weight and incident AF, one can assume that the measurement error is smaller and that the perinatal data are more valid. Follow-up has been through national registries. The Finnish National Care Register for Health Care and the Finnish National Mortality Register include all residents of Finland, based on individual social security numbers, and consequently there were no missing data at the time of linkage with registers, which is a strength. This approach has been tested in the neighboring country of Sweden that has a similar register, which has been validated and shown to be of high quality. 12 However, there are some potential limitations to the study. The register became operational in 1969. Any cases occurring only before this will have been missed. Given the age of the population at this time, the incidence of AF would have been low before 1969, and considering the recurring and progressive nature of the disease, 14 1939-1940 and 1941-1944) . The duress associated with this may have influenced the pregnancies and the lives of the study subjects. The exposure variables are to some degree an effect of nutritional deprivation and other duress. In a homogeneous population, risk factors cannot be detected, and for this reason the timing of the study may be considered a strength. The results of the study are generalizable to the population of Europeans currently at the age where AF risk is highest, and therefore relevant. On the other hand, conditions can be assumed to differ from those experienced by later generations of Europeans, and this is a limitation. In a worldwide context, however, many children are born to mothers living in difficult conditions.
The database was assembled in 1974, at which time participants were aged 27 to 37 years. There is therefore some survivor bias. In comparison to most cohort studies with data collection later in life, the degree of survivor bias can be presumed to be lower, but it is present nonetheless.
There are no data concerning ethnicity. At the time, Helsinki was an ethnically homogeneous white society. Therefore, we cannot be sure that data are fully generalizable to a nonwhite population. There are no data for paternal characteristics, either. Paternal factors have been shown to be less important for childhood cardiometabolic outcomes, however, and for this reason we do not believe this to be a significant limitation. 28 
